Background {#Sec1}
==========

Obesity poses one of the most significant public health challenges of the developed and developing nations today. The fundamental process underlying obesity is an energy imbalance between calories consumed and calories expended, resulting in a net positive energy balance. Obesity has accelerated globally due to an increased intake of energy-dense food high in fat and refined carbohydrates, reduced physical activity associated with an increasingly sedentary lifestyle, altered modes of transportation, control of ambient temperature and increasing urbanization \[[@CR1], [@CR2]\]. Worldwide obesity rates have nearly tripled between 1975 and 2016, with more than 650 million adults obese worldwide. In addition to weight-related pathologies, obesity is also a gateway to other chronic disorders including type 2 diabetes, cardiovascular disease, musculoskeletal disorders, and specific cancers \[[@CR3]--[@CR5]\]. Regardless of origin, higher levels of obesity are associated with higher relative mortality risk compared to healthy weight \[[@CR6]\]. Consequently, obesity and obesity-associated health problems lead to a significant economic impact involving direct and indirect medical costs \[[@CR7]--[@CR9]\].

Obesity is typically associated with a chronic state of systemic low-grade inflammation \[[@CR10]\]. Rapid adipose tissue expansion due to overnutrition results in a hypoxic internal core which, along with endoplasmic reticulum and oxidative stress, orchestrates a pro-inflammatory response through the release of various cytokines into systemic circulation \[[@CR11]\]. Adipose tissue depots also undergo significant immune cell infiltration further contributing to a sustained inflammatory tone \[[@CR12], [@CR13]\]. Although biological studies have strongly implicated a causal role of obesity in promoting inflammation \[[@CR14]--[@CR18]\], Mendelian randomization experiments employing genetic variants in the inflammation biomarker C-reactive protein (CRP) \[[@CR19]\] and obesity-associated FTO gene \[[@CR20]--[@CR22]\] have formally established the direction of causality from increased adiposity to elevated systemic inflammation \[[@CR23]\]. The same technique has also been recently used to infer a causal role of obesity in promoting inflammatory skin diseases \[[@CR24]\]. Obesity-associated chronic inflammation, in turn, has been causally associated with several metabolic complications including insulin resistance, endothelial dysfunction, and type 2 diabetes \[[@CR5], [@CR25]--[@CR29]\].

From a population health perspective, effective interventions and optimized predictions for future health-care costs require a better quantitative understanding of chronic conditions such as inflammation and obesity and their relationship to indices of public health. One index that captures the population level effects of chronic conditions is the health related quality of life (HRQOL) \[[@CR30]\]. HRQOL, a self-reported measure of physical and mental functioning and well-being, is increasingly used to assess the effects of chronic illness, treatments, and short- and long-term disabilities.

Previous studies have generally demonstrated a negative correlation between excess adiposity and various dimensions of HRQOL in different populations \[[@CR31]--[@CR37]\]. Much less is known, however, on the effects of chronic inflammation on HRQOL, and whether inflammation mediates some of the association between obesity and HRQOL. Most of the earlier studies investigating inflammation and HRQOL have either focused on small cohorts targeting specific inflammatory disorders \[[@CR38]--[@CR40]\], or interrogated inflammation and HRQOL as separate endpoints. Recently however, the role of systemic inflammation as a co-factor in the disease to HRQOL relationship is beginning to be examined \[[@CR41], [@CR42]\]. Systemic inflammation is often measured via the chronic inflammatory biomarker, C-reactive protein (CRP) \[[@CR43], [@CR44]\], which is a commonly used predictor in studies of inflammatory disease, and considered an excellent biomarker of baseline and progressive inflammation in chronic conditions \[[@CR45]\]. CRP levels in the range consistent with infection or inflammation (\> 1 mg/dl) are more common among obese subjects than in non-obese subjects \[[@CR46]\]. Additionally, reliable associations between blood levels of the inflammation biomarker CRP and a variety of HRQOL outcomes have also been reported \[[@CR47], [@CR48]\].

The temporal precedence of obesity over systemic inflammation, and the reported causal connections between obesity-associated inflammation and secondary disorders \[[@CR25]\], raises the question of whether obesity-associated chronic inflammation may also play a similar role in the observed association between obesity and HRQOL. More specifically, such questions may be explored in the mediator-variable framework of Barron and Kenny \[[@CR49], [@CR50]\] whereby an antecedent variable (e.g. obesity) may affect a mediating variable (e.g. inflammation), which would then affect an outcome variable (e.g. HRQOL). While acknowledging the potential biases of a cross-sectional mediation analysis, the strong prior biological evidence causally linking obesity to inflammation, and inflammation to obesity-associated disorders led us to explore a similar scenario for obesity and HRQOL. This line of questioning has important implications for prevention and treatment research where interventions may be designed to alter the outcome of interest by controlling the mediating variables, especially where the primary variable is difficult to control. Thus, if chronic inflammation does indeed mediate the association between obesity and poorer HRQOL, then controlling for such inflammation via lifestyle and pharmacologic interventions may provide a path forward for improving the HRQOL index for the obese population. This is particularly relevant, given the current paucity of effective treatments for obesity \[[@CR51]\].

Methods {#Sec2}
=======

Study design and participants {#Sec3}
-----------------------------

Study data was downloaded from the National Health and Nutrition Examination Survey (NHANES) collection (years 2005 through 2008, <http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm>). NHANES is conducted by the Center for Disease Control's National Center for Health Statistics (CDC-NCHS) to assess the health and nutritional status of a representative civilian, non-institutionalized US population using a multistage, stratified, clustered probability design \[[@CR52]\]. Data for the variables of interest were available for a total of 6325 adults (aged 20--75 years, BMI \> 18.5 kg/m^2^) and included missing values. Data for subjects 18--20 years of age were excluded due to the large excess of missing values in this group and to prevent complications from differential growth patterns in childhood and adolescence where the usual BMI categories do not apply \[[@CR53]\]. There were no missing values for age, sex and race variables. For the other variables, the extent of missing value ranged from 0.01% (presence of heart disease) to \~ 53% (smoking). BMI and CRP had missing values for \~ 6 and 10% of the observations respectively, whereas both physical and mental healthy days had missing values of \~ 12%. Data collected included demographic information, health-related questionnaire, and laboratory data on C-reactive protein (CRP, a marker of systemic inflammation). Data for confounding factors that can influence inflammation status and HRQOL outcomes such as relevant medical conditions (asthma, arthritis, heart disease, and cancer), anti-inflammatory/analgesic medication, and smoking were also downloaded for statistical modeling. To account for the complexity of survey design including oversampling, survey non-response, or post-stratification issues, NHANES assigns sample 'weights' were also downloaded (additional details available from <https://www.cdc.gov/nchs/tutorials/nhanes/SurveyDesign/Weighting/OverviewKey.htm>, and in Additional file [1](#MOESM1){ref-type="media"}: Text 1).

Health related quality of life (HRQOL) measures {#Sec4}
-----------------------------------------------

Quality of life was assessed by using a subset of the CDC HRQOL-4 questionnaire that was developed to assess physical and mental health in the general U.S population \[[@CR54], [@CR55]\]. The HRQOL-4 questionnaire **(**Additional file [1](#MOESM1){ref-type="media"}: Text 2) uses self-reported measures of healthy and unhealthy days as indicators of HRQOL, and have undergone cognitive testing and criterion validity with the Short-Form 36, content and construct validity, predictive validity, internal consistency, test-retest reliability, and measurement invariance in persons with and without disability \[[@CR56], [@CR57]\]. The core Healthy Days consists of four questions focusing on the participant's general health status (Question-1), number of physical unhealthy days in the 30 days preceding the survey (Question-2), number of mental unhealthy days in the 30 days preceding the survey (Question- 3), and number of days with activity limitations in the 30 days preceding the survey (Question-4). Question-1 is a predictor of mortality and chronic disease conditions \[[@CR58]\], questions − 2 and − 3 assess recent physical symptoms and mental or emotional distress, respectively, and question- 4 measures perceived disability and lost productivity \[[@CR55]\]. Only responses to survey Questions-2 and -3 were used in the current study since the focus of the analysis was to determine effects specifically on physical and mental health. Throughout this analysis, an *increase* in the number of physical/mental unhealthy days has been used to indicate poorer health outcomes.

Coding of variables {#Sec5}
-------------------

Participants were divided into 3 categories by age (20--44 yrs., 45--65 yrs., \> 65 yrs.) and 5 categories by race/ethnicity as Mexican-American (1), Other Hispanic (2), Non-Hispanic White (3), Non-Hispanic Black (4), and Other (5). Obesity was measured by body mass index (BMI) based on self-reported weight in kilograms divided by measured height in meters-square. Respondents were broadly categorized into 3 BMI groups: normal weight (BMI 18.5--24.9), overweight (BMI 25--29.9), and obese (BMI \> 30). Systemic inflammation was measured via blood CRP levels (mg/dl) and grouped into 3 classes according to Visser et al. \[[@CR44]\] -- non-elevated CRP (\< 0.22 mg/dl), elevated CRP (≥0.22 and \< 1.0 mg/dl) and clinically raised CRP (≥1.0 mg/dl), respectively. Each medical condition, including asthma (MCQ010), arthritis (MCQ160A), cancer (MCQ220), or any heart disease (a composite variable derived from a positive diagnosis of any one of congestive heart failure (MCQ160B), coronary heart disease (MCQ160C), or heart attack (MCQ160E)) were dichotomized into '0' and '1' categories where '1' indicates a positive response to the question of whether there ever was a diagnosis of the relevant condition by a doctor or healthcare professional. Smoking status was also dichotomized, with '1' assigned to individuals who are current smokers. The use of common analgesic and anti-inflammatory medications (aspirin, acetaminophen, ibuprofen and naproxen) was extracted from the RXDDRUG field of NHANES data, which records the generic name of the drug. Subjects associated with any one of the 4 drugs listed above were marked with '1' and '0' otherwise. Although acetaminophen is more widely prescribed as an analgesic and antipyretic rather than anti-inflammatory drug, previous studies have reported effectiveness of acetaminophen against lower grade inflammation \[[@CR59]\] and acetaminophen overdose has been associated with reductions in circulating CRP levels \[[@CR60]\]. Based on these findings, and the close association between inflammation and physical pain, we included the use of acetaminophen in the analysis. For logistic regression analysis each outcome variable (HRQOL measures) was dichotomized into ≤15 or \> 15 days of poor physical (HSQ470) or mental health (HSQ480), with \> 15 unhealthy days denoted by 1, and 0 otherwise. The rationale for dichotomization was based on earlier reports which considered a report of \> 14 days of poor physical or mental health as representing a state of 'frequent distress' \[[@CR61], [@CR62]\].

Statistical analysis {#Sec6}
--------------------

All statistical analysis was conducted using SAS, version 9.1 (SAS Institute Inc., Cary, NC, USA) or R (version × 64 3.2.3). Data was analyzed using sampling weighted generalized linear models. Both unadjusted and adjusted models linking BMI and CRP to the outcome variables (HSQ470 and HSQ480) were constructed, with adjustments for possible inflammation-regulating medical conditions (asthma, arthritis, heart disease, and cancer), use of over the counter anti-inflammatory/pain medications (acetaminophen, aspirin, ibuprofen and naproxen), and current cigarette smoking status. As several of the surveyed variables contained missing values, any attempt to analyze only complete cases severely reduced the total number of observations, leading to increased risk of biased estimates. To mitigate this problem, we used multiple imputation \[[@CR63]\] to estimate probable value ranges for incomplete observations. The original coding for the missing values included bona-fide missing values, plus other types of non-response such as "don't know" (1517 total instances), and "refused to answer" (2 total instances). We converted all missing and non-response cases into missing values, as recommended in the NHANES analytical guidelines \[[@CR64]\]. Multiple imputation generates more than one set of replacements for the missing values based on plausible models for data thereby yielding multiple completed datasets for analysis \[[@CR65]\]. Five imputed datasets were generated according to multiple imputation procedures described by Rubin \[[@CR63]\]. Each of these "completed" datasets were individually analyzed using sampling weighted generalized linear models (GLM), via the *survey* package in R \[[@CR66]\]. For each of the imputed datasets, *m* = 1...5, we obtained the estimate of regression coefficient as *β*~*m*~ along with the standard error *s*~*m*~. The overall estimate was obtained by averaging the individual estimates from the imputed datasets as$$\documentclass[12pt]{minimal}
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Due to the difficulties in combining and interpreting the combined *p*-values arising from the above analysis, we have chosen to report results in terms of the estimated odds ratio ($\documentclass[12pt]{minimal}
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The mediation analyses that are presented in Fig. [1](#Fig1){ref-type="fig"}, consisted of the following steps, as suggested by MacKinnon et al. \[[@CR67]\]. The main association between the independent variable (obesity) and dependent variable (physical unhealthy days) were examined as per Eq. [1](#Equ1){ref-type=""} (*c*-coefficient in Fig. [1](#Fig1){ref-type="fig"}). Next, we estimated the association of the mediating variable (inflammation, CRP levels) to the dependent variable in the presence of obesity (Eq. [2](#Equ2){ref-type=""}, *b*-coefficient in Fig. [1](#Fig1){ref-type="fig"}). Finally, we investigated the association of the mediating variable to the independent variable (Eq. [3](#Equ3){ref-type=""}, *a*-coefficient in Fig. [1](#Fig1){ref-type="fig"}).$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \mathrm{M}={\mathrm{i}}_3+\mathrm{aX}+{\mathrm{e}}_3 $$\end{document}$$Fig. 1Effect of adjusting for inflammation on the estimate of obesity-physical unhealthy days association in NHANES subjects. The 'direct effect' estimates the odds ratio (and confidence intervals) for the association of adult obese subjects to the number of physical unhealthy days, a measure of HRQOL. The 'indirect effect' estimates the same association following the inclusion of clinically raised systemic inflammation (measured as C-reactive protein) as a possible mediator. The odds ratios (and confidence intervals) for direct associations of obesity to inflammation and of inflammation to physical unhealthy days are also shown

where *Y* is the number of physical unhealthy days (dependent variable), *X* is the obesity status (independent variable), *M* is the inflammation status (mediating variable), *c* is the coefficient relating X to Y, *c'* is the coefficient relating X to Y adjusted for M, *b* is the coefficient relating M to Y adjusted for X, *a* is the coefficient relating X to M, *i*~*1*~*-i*~*3*~ are intercepts and *e*~*1*~*-e*~*3*~ are residuals, respectively.

Results {#Sec7}
=======

Participants {#Sec8}
------------

The general characteristics of the survey respondents are listed in Table [1](#Tab1){ref-type="table"}, with continuous measures reported as the mean (+ standard deviation), and categorical measures expressed as frequencies. The average age of the sampled population was 51.3 years (+ 17.85 years), with approximately 49% male subjects. The proportions of normal weight, overweight and obese subjects were 27, 35 and 38%, respectively. CRP levels were in the 'normal' range for 51% of the subjects, 'elevated' in 37%, and 'clinically raised' in 11% of subjects. With the exception of age, sex and race, the data displayed varying levels of missingness for all other variables.Table 1Demographic and Medical Characteristics of Study SubjectsVariableMean (SD) or frequency (%)% missingSample size = 6325Age (yrs.)51.30(17.85)0Male48.96%0Race-*Mexican American (1)*17.28%0*-Other Hispanic (2)*11.38%0*-Non-Hispanic White (3)*46.75%0*-Non-Hispanic Black (4)*20.63%0*-Other Race (Multiracial) (5)*4.03%0HSQ470 (days)4.49(8.71)11.74HSQ480 (days)4.09(8.28)11.71BMI (kg/m^2^)29.34(6.77)5.66*-normal weight(18.5--24.99)27.1%-overweight(25--29.99)34.8%-obese(≥ 30)38.0%*CRP(mg/dl)0.46(0.89)9.92*-non-elevated (\< 0.22)51.3%-elevated (≥ 0.22- \< 1.0)37.4%-clinically raised (≥ 1.0)11.3%*SMQ040 (=1) \[smoking\]21.97%52.29MCQ010 (=1) \[asthma\]14.01%0.09MCQ220 (=1) \[cancer\]10.12%0.17MCQ160A (=1) \[arthritis\]32.21%0.16Any heart disease (=1)9.38%0.01Anti-inflammatory drug use13.72%38.02Data is presented as mean(SD) for continuous variables and as frequency(%) for categorical variables. The percent of data missing for each variable is indicated. Inflammation-related variables are coded (as per NHANES 2005--2008) as follows: SMQ040 (current smoking status), MCQ010 (medical diagnosis of asthma), MCQ220 (medical diagnosis of cancer), MCQ160A (medical diagnosis of arthritis), Any heart disease (medical diagnosis of one or more of heart attack, congestive heart failure or coronary heart disease)

Relationship between body mass index and C-reactive protein {#Sec9}
-----------------------------------------------------------

Quantile-quantile plots demonstrated that CRP and BMI values were better approximated to the normal distribution after log transformation (data not shown). We carried out linear regression to determine the association between CRP levels and BMI. Taking log CRP as the dependent variable and log BMI as the predictor variable, the regression coefficient of BMI was 2.69 (95% CI: 2.50, 2.88) (Additional file [1](#MOESM1){ref-type="media"}: Table S1, Figure S1, Text 3 and 4), indicating a statistically significant association between BMI and CRP in the study population.

Relationship of body mass index (BMI) and C-reactive protein (CRP) to physical and mental healthy days {#Sec10}
------------------------------------------------------------------------------------------------------

Considering physical unhealthy days (HSQ470) as a binary response, we performed logistic regression with BMI groups (normal, overweight and obese) (normal group as reference) (Table [2](#Tab2){ref-type="table"}, model 1). The estimated odds ratio for overweight subjects was 1.06 (95% CI: 0.76, 1.47) and that for obese subjects was 1.59 (95% CI: 1.15, 2.21). Thus, compared to a normal-weight person, an overweight person (25 ≤ BMI ≤ 29.9) was 1.06 times more likely, and an obese person (BMI ≥ 30) 1.59 times more likely to experience \> 15 physical unhealthy days in a month. Only the estimated OR for the obese, but not overweight, individuals were statistically significant (95% CI excluded 1). In contrast, neither overweight nor obese individuals were significantly associated to mental unhealthy days (95% CI includes 1) (Table [2](#Tab2){ref-type="table"}, model 2).Table 2Relationship of Physical and Mental Healthy Days to BMI and CRP levelsModelDependent VariableParameterOR (95% CI)Model 1HSQ470 (physical)(Intercept)0.06 (0.04,0.09)overweight1.06 (0.76,1.47)obese1.59 (1.15,2.21)Model 2HSQ480 (mental)(Intercept)0.06 (0.05,0.09)overweight1.20 (0.86,1.68)obese1.25 (0.89,1.75)Model 3HSQ470 (physical)(Intercept)0.06 (0.04,0.07)elevated CRP1.61 (1.23,2.12)clinically raised CRP2.45 (1.84,3.26)Model 4HSQ480 (mental)(Intercept)0.07 (0.05,0.09)elevated CRP1.05 (0.79,1.40)clinically raised CRP1.66 (1.26,2.19)Model 5HSQ470 (physical)(Intercept)0.05 (0.04,0.07)overweight0.98 (0.70,1.35)obese1.26 (0.92,1.74)elevated CRP1.51 (1.14,2.0)clinically raised CRP2.21(1.55,3.16)Results include estimates of odds ratio (OR) and corresponding 95% confidence intervals under different models indexed by varying dependent variables. The OR is interpreted as the relative changes in odds for physical (HSQ470 \> 15 days) or mental (HSQ480 \> 15 days) unhealthy days upon changes in the categories of the explanatory variables (BMI and/or CRP)Data was analyzed using sampling weighted generalized linear models (logistic) as described under Methods. Model specifications are as follows: Model 1, HSQ470 vs. BMI; Model 2, HSQ480 vs. BMI; Model 3, HSQ470 vs. CRP; Model 4, HSQ480 vs. CRP; Model 5, HSQ470 vs. BMI and CRP

To further assess the relationship between the obesity class and physical/mental unhealthy days, we focused only on obese subjects (BMI ≥ 30), divided into 5 subclasses according to increasing values of BMI (Additional file [1](#MOESM1){ref-type="media"}: Table S2 and S3). Subjects in the two highest classes of obesity (class IV, BMI 50.0--59.9 and class V, BMI ≥ 60) were found to be significantly associated to physical unhealthy days, compared to baseline (class I obesity, BMI 30.0--34.9). Only class V obesity subgroup was found to be significantly associated to HSQ480, with higher BMI associated with a reduced probability for mental unhealthy days. Although this finding is counterintuitive, we note that the statistical estimates may be unstable due to the very low subject numbers in this group (15 individuals, \< 1% of total BMI ≥ 30 population).

Next, we assessed the relationship between plasma CRP levels (with non-elevated CRP class as reference) and the number of physical unhealthy days (Table [2](#Tab2){ref-type="table"}, model 3). The estimated OR of elevated CRP was 1.61 (95% CI: 1.23, 2.12) and that of clinically raised CRP was 2.45 (95% CI: 1.84, 3.26), suggesting statistically significant associations for both CRP categories. The association between elevated CRP to mental unhealthy days (HSQ480) was not significant (OR = 1.05, 95% CI: 0.79, 1.40); however, clinically raised CRP was significantly associated to mental unhealthy days, (OR = 1.66, 95% CI: 1.26, 2.19) **(**Table [2](#Tab2){ref-type="table"}, model 4).

We next modeled both BMI groups and CRP categories as explanatory variables to ascertain their relative contribution to physical unhealthy days. The estimated odds ratios were 0.98 and 1.26 for overweight and obese BMI groups, respectively, and, 1.51 and 2.21 for elevated CRP and clinically raised CRP, respectively (Table [2](#Tab2){ref-type="table"}, model 5). However, both the 95% CIs corresponding to the overweight (95% CI: 0.70, 1.35) and obese group (95% CI: 0.92, 1.74) now included 1, whereas the corresponding CIs for elevated CRP (95% CI: 1.14, 2.00) and clinically raised CRP (95% CI: 1.55, 3.16) excluded 1. In other words, when both CRP and BMI are included as explanatory variables in the same model, the significant associations observed earlier between BMI level and physical unhealthy days was no longer present. In the context of a mediation-framework according to Eqs. [1](#Equ1){ref-type=""}--[3](#Equ3){ref-type=""} listed under Methods, we observed significant relations for the coefficients *a*, *b* and *c* but not for *c'*, suggesting that inflammation may function as a possible mediator of the observed association between obesity and physical unhealthy days (Fig. [1](#Fig1){ref-type="fig"}).

Effect modification analysis: {#Sec11}
-----------------------------

We carried out an effect modification analysis on the relationship of HSQ470 to BMI and CRP by including gender, age-class and race in the models. The interaction effects between \`overweight and gender', \`obese and gender' and 'overweight and Race-5' were significant (Table [3](#Tab3){ref-type="table"}). For example, within the overweight category, a male was 0.42 times less likely to experience \> 15 physical unhealthy days compared to a female. All other interactions were non-significant. For HSQ480 (mental unhealthy days), we observed significant interaction effects due to 'obese and gender'; 'clinically raised CRP and gender'; 'overweight and Age (45-65yrs)'; 'obese and Age (45-65yrs)'; 'clinically raised CRP and Age (45-65yrs)'; 'clinically raised CRP and Age (\>65yrs)', and, 'overweight and Race-5′ (Additional file [1](#MOESM1){ref-type="media"}: Table S4). All other interactions effects were non-significant. These results suggest that the observed association between adiposity or CRP and physical/mental healthy days are modifiable to some extent by age and gender. However, the apparent modification of the association between overweight and HSQ470/ HSQ480 by Race-5 has to be interpreted with caution due to the very low numbers of subjects belonging to this category (\< 5% of the surveyed population, Table [1](#Tab1){ref-type="table"}).Table 3Effect modification for outcome variable HSQ470Outcome Variable HSQ470OR (95% CI)OR (95% CI)Effect modification due to GENDER(Intercept)0.06 (0.04, 0.09)(Intercept)0.06 (0.04, 0.09)Overweight1.60 (1.01, 2.54)elevated CRP1.72 (1.18, 2.51)Obese1.96 (1.24, 3.11)clinically raised CRP2.38 (1.61, 3.52)GENDER11.26 (0.80, 1.99)GENDER10.92 (0.63, 1.33)Overweight:GENDER1*0.42 (0.26, 0.68)*elevated CRP:\
GENDER10.83 (0.57, 1.20)Obese:GENDER1*0.62 (0.39, 0.99)*clinically raised CRP:\
GENDER11.03 (0.70, 1.51)Effect modification due to AGE(Intercept)0.03 (0.02, 0.06)(Intercept)0.03 (0.02, 0.05)Overweight1.16 (0.64, 2.12)elevated CRP1.72 (1.03, 2.89)Obese1.64 (0.90, 3.01)clinically raised CRP2.16 (1.28, 3.63)AGE (45-65 yrs)2.68 (1.47, 4.89)AGE (45-65 yrs)2.67 (1.60, 4.45)AGE (\>65 yrs)3.40 (1.86, 6.21)AGE (\>65 yrs)2.53 (1.51, 4.24)Overweight:AGE (45-65 yrs)0.79 (0.43, 1.45)elevated CRP:\
AGE (45-65 yrs)0.79 (0.47, 1.33)Obese:AGE (45-65 yrs)0.89 (0.49, 1.63)clinically raised CRP:\
AGE (45-65 yrs)0.89 (0.53, 1.51)Overweight:AGE (\>65 yrs)0.78 (0.43, 1.44)elevated CRP:\
AGE (\>65 yrs)1.01 (0.60, 1.70)Obese:AGE (\>65 yrs)0.82 (0.45, 1.50)clinically raised CRP:\
AGE (\>65 yrs)1.57 (0.93, 2.66)Effect modification due to Race(Intercept)0.05 (0.02, 0.11)(Intercept)0.05 (0.03, 0.09)Overweight1.05 (0.48, 2.30)elevated CRP1.22 (0.66, 2.24)Obese1.42 (0.65, 3.12)clinically raised CRP2.23 (1.23, 4.04)Race21.22 (0.56, 2.67)Race21.40 (0.77, 2.54)Race31.32 (0.60, 2.88)Race31.20 (0.66, 2.17)Race41.05 (0.48, 2.31)Race41.20 (0.66, 2.19)Race50.92 (0.42, 2.02)Race50.63 (0.33, 1.22)Overweight:Race21.53 (0.70, 3.37)elevated CRP:Race21.00 (0.54, 1.85)Obese:Race20.97 (0.44, 2.14)clinically raised CRP:Race21.15 (0.60, 2.21)Overweight:Race31.02 (0.46, 2.24)elevated CRP:Race31.47 (0.79, 2.73)Obese:Race31.17 (0.54, 2.58)clinically raised CRP:Race31.20 (0.65, 2.19)Overweight:Race40.95 (0.43, 2.09)elevated CRP:Race40.96 (0.50, 1.83)Obese:Race41.09 (0.50, 2.40)clinically raised CRP:Race40.63 (0.35, 1.15)Overweight:Race5*0.30 (0.14, 0.67)*elevated CRP:Race50.91 (0.33, 2.51)Obese:Race50.58 (0.26, 1.29)clinically raised CRP:Race51.11 (0.37, 3.37)The modification of the association between physical healthy days (HSQ470) and BMI or CRP was investigated. Data was analyzed using sampling weighted generalized linear models (logistic) as described under Methods.Significant associations are shown in italics

Sensitivity analysis {#Sec12}
--------------------

We performed sensitivity analysis on the relationship of HSQ470 to BMI groups and CRP classes by varying the cut-off value for HSQ470 = 1 from 15 to 12, 13, 14, 16, 17 and 18 days. The obese class was significantly associated to HSQ470 for all the cut-off values tested with stable odds ratio estimates (Table [4](#Tab4){ref-type="table"}). On the other hand, the odds-ratios for overweight were non-significant for all HSQ470 cut-off values tested, consistent with the original findings. Similarly, the odds-ratios corresponding to the different CRP classes (elevated and clinically raised CRP) with different HSQ470 cut-off values were significant, agreeing again with the primary results (HSQ470 cut-off value = 15). These results suggest that the identified associations between BMI or CRP and HRQOL are robust to the threshold used for defining physical unhealthy days.Table 4Sensitivity Analysis with respect to different cut-off values of HSQ470 vs BMI and CRPOR (95% CI) (outcome variable HSQ470 vs BMI Class)Cut-off of HSQ470121314161718Intercept0.08 (0.06,0.11)0.08 (0.06,0.11)0.07 (0.05,0.1)0.06 (0.04,0.08)0.06 (0.04,0.08)0.06 (0.04,0.08)Overweight1.21 (0.91,1.59)1.19 (0.9,1.58)1.2 (0.89,1.61)1.03 (0.74,1.43)1.02 (0.73,1.42)1.02 (0.73,1.42)Obese1.69 (1.27,2.23)1.7 (1.28,2.25)1.66 (1.23,2.23)1.6 (1.15,2.23)1.58 (1.13,2.2)1.54 (1.1,2.15)OR (95% CI) (outcome variable HSQ470 vs CRP Class)Cut-off of HSQ470121314161718Intercept0.08 (0.06,0.1)0.08 (0.06,0.1)0.07 (0.05,0.09)0.05 (0.04,0.07)0.05 (0.04,0.07)0.05 (0.04,0.07)elevated CRP1.54 (1.22,1.96)1.53 (1.2,1.93)1.55 (1.21,1.98)1.7 (1.29,2.24)1.7 (1.28,2.24)1.73 (1.3,2.28)clinically raised CRP2.34 (1.83,2.99)2.36 (1.84,3.03)2.46 (1.89,3.2)2.59 (1.94,3.45)2.64 (1.97,3.54)2.7 (2.01,3.62)The threshold for physical unhealthy days was varied from 12 to 18 days and the effects on the association to BMI or CRP classes was evaluated (upper and lower panels of table, respectively). Data was analyzed by sampling weighted generalized linear models as described under Methods

Relationship of CRP to physical and mental unhealthy days after adjustment for other sources of inflammation {#Sec13}
------------------------------------------------------------------------------------------------------------

We next investigated whether the effects of CRP classes on physical unhealthy days could be confounded by some of the more common sources of inflammation encountered in the study population (mediator outcome confounding). We carried out multivariable logistic regression analysis by including demographics (age, gender), pro-inflammatory medical conditions, use of common anti-inflammatory/pain medications, and current smoking status, in addition to CRP and BMI categories in the model (Table [5](#Tab5){ref-type="table"}**)**. The CRP.Class variable remained significantly associated to physical unhealthy days, for both the elevated CRP (OR = 1.34, 95% CI: 1.00, 1.79) and clinically raised CRP (OR = 1.71, 95% CI:1.18, 2.48), even after adjustment. A similar analysis against mental unhealthy days showed the association of CRP classes and BMI groups to be non-significant, although significant associations were observed for presence of asthma, presence of arthritis, current smoking status, occurrence of any heart disease and gender **(**Additional file [1](#MOESM1){ref-type="media"}: Table S5).Table 5Multivariable logistic regression analysis of the association of CRP to physical unhealthy daysParameterOR (95% CI)*p*-value(Intercept)0.04 (0.02, 0.06)\< 0.01Overweight0.95 (0.68, 1.33)0.76Obese1.12 (0.79, 1.58)0.52CRP.class (2)1.34 (1.00, 1.79)0.05CRP.class (3)1.71 (1.18, 2.48)0.01Anti-inflammatory Drug Use (1)2.40 (1.74, 3.3)\< 0.01AGEclass (2)1.88 (1.35, 2.63)\< 0.01AGEclass (3)1.79 (1.2, 2.68)\< 0.01MCQ010 (1)1.36 (1.01, 1.83)0.05MCQ220 (1)1.36 (0.96, 1.95)0.09MCQ160A (1)2.32 (1.72, 3.13)\< 0.01GENDER (1)0.88 (0.68, 1.15)0.35SMQ040 (1)0.83 (0.69, 1.00)0.05Any Heart Disease (1)1.63 (1.14, 2.32)0.01Results include estimates of odds ratio (OR) and corresponding 95% confidence intervals. The OR is interpreted as the increase in odds for physical (HSQ470 \> 15 days) unhealthy days upon changes in the categories of the explanatory variables. Data was analyzed using sampling weighted generalized linear models (logistic) as described under Methods

Discussion {#Sec14}
==========

The present study was undertaken to better define the relationship between obesity, systemic inflammation and measures of HRQOL. We used data from a US population based survey (NHANES 2005--2008) to estimate effects of increasing body mass and increasing inflammation on the number of physical and mental unhealthy days reported by participants. We also tested the impact of common inflammation regulators (inflammatory disease, anti-inflammatory drug use, and smoking) on the association between the inflammation marker CRP, and HRQOL (based on the CDC HRQOL-4 questionnaire). Compared to the more detailed Medical Outcomes Study Short Form 36 (SF-36), the CDC's "healthy days" serves as a simple proxy measure of HRQOL. It measures perceptions of physical and mental health using one question each, eliminating the need for complex weighting factors to calculate summary scores.

In previous studies, Hassan et al. \[[@CR32]\] assessed a US-based sample with the CDC-HRQOL-4 and reported greater likelihood of poor physical and mental quality of life in participants with obesity. Renzaho et al. \[[@CR34]\] sampled an Australian population with SF-36 and found that physical, but not mental, HRQOL scores were negatively associated with BMI. Serrano-Aguilar et al. \[[@CR35]\] analyzed a European sample using the EuroQol-5d assessment and found that participants with BMI \> 40 had lower HRQOL scores than normal weight participants. These findings agree with the positive association between BMI and number of physical unhealthy days observed in the current study in unadjusted models, and also support the general lack of association between BMI and mental unhealthy days \[[@CR34]\].

We next conducted an exploratory analysis to examine whether obesity-associated systemic inflammation could potentially mediate some of the observed association between obesity and HRQOL (physical or mental unhealthy days), by employing the well-known causal steps approach to mediation by Barron and Kenny \[[@CR68], [@CR69]\]. This approach consists of 4 steps to establish mediation, namely (i) a significant relation of the independent variable (obesity) to the dependent variable (number of physical unhealthy days) (Table [2](#Tab2){ref-type="table"}, model 1); (ii) a significant relation of the independent variable to the hypothesized mediating variable (systemic inflammation) (Additional file [1](#MOESM1){ref-type="media"}**:** Table S1); (iii) a significant relation of the mediating variable to the dependent variable in the presence of independent variable (Table [2](#Tab2){ref-type="table"}, model 5); (iv) a smaller absolute coefficient relating the independent variable to the dependent variable in the presence of the mediating variable (Table [2](#Tab2){ref-type="table"}, model 5). All four conditions were satisfied in the analysis of systemic inflammation as a possible mediator of the relation between obesity and physical healthy days. Notably, the association between BMI and physical HRQOL was non-significant after systemic inflammation (CRP levels) was included in the regression model **(**Table [2](#Tab2){ref-type="table"}, model 5).

We further investigated whether systemic inflammation was itself a predictor of HRQOL in the NHANES cohort, and whether the association was modified in the presence of other factors such as obesity, common inflammatory disease, anti-inflammatory drug use, etc. We based our analysis on the rationale that chronic inflammation is an important index of population health and provides a unifying pathological mechanism for many seemingly unrelated diseases \[[@CR70]\]. Recent research focusing on general associations between specific inflammatory chronic conditions (e.g. asthma, irritable bowel syndrome, Crohn's disease, chronic prostatitis, etc.) and health outcomes have also reported significant associations between symptom severity and HRQOL reductions \[[@CR71]--[@CR76]\]. These reductions are further compounded by psychological distress \[[@CR77]\] and allostatic load \[[@CR78]\]. Literature on inflammatory disease and HRQOL suggests that these negative associations may be partly mediated by the common medical consequences of chronic illness \[[@CR79]\]. For example, pain and disability linked to chronic inflammation has been found to play a small but significant mediating role in the overall HRQOL reduction in older adults \[[@CR80]\].

In our analysis, systemic CRP levels were positively and significantly associated with the number of physical and mental unhealthy days, even after adjustments for sex, age, pro-inflammatory co-morbidities, and anti-inflammatory/analgesic drug use. Importantly, the observed association to physical unhealthy days persisted even for levels of inflammation below the clinical threshold. Visser et al. \[[@CR44]\] introduced the classification scheme of sub-clinical 'elevated CRP (≥0.22 mg/dl)' and 'clinically raised CRP (≥1.0 mg/dl)' and identified an association of the former with overweight and obesity. In other studies, sub-clinical CRP has been associated with increased risk of cardiovascular disease-related mortality in healthy subjects \[[@CR81]\]. Our study now further demonstrates the importance of sub-clinical CRP levels in the domain of HRQOL.

We now discuss some potential limitations of the study and differences from previously published reports. While our study used the number of healthy days as the HRQOL metric, previous studies utilized composite HRQOL measures, based on a summation over several sub-domain scores. Additionally, differences in the sampled populations between the studies could also potentially influence the current findings. Also, since the assessment by CDC HRQOL-4 is based on self-reporting, the study results are also potentially susceptible to the risk of recall error and misreport. In this study, we applied the multiple imputation method to address the missing data, based on the underlying assumption of 'missing at random'(MAR) \[[@CR82]\], wherein the systematic differences between the missing and observed values are entirely explicable by other observed variables. Under MAR, the multiple imputation approach maintains the benefits of maximum likelihood estimation, while also allowing for uncertainty due to imputation (infeasible under single imputation) to be included during data analysis. In our study, we have assumed MAR for all the variables, including smoking and anti-inflammatory drug uses that have high proportion of missing values (52 and 38%, respectively). Since the study sample size is reasonably large (6325), we expect the missing values imputation to remain robust, even for variables with a high proportion of missing values. Another possible limitation of the current work is that the mediation analysis has been conducted on a cross-sectional design (the only design available for this type of study at the moment). Although several studies in the mediation literature have employed cross-sectional designs, these designs lack the ability to formally support causal inference and instead must depend on a priori assumptions, based on strong biological rationale, to infer mediation \[[@CR83]\]. As explained by Maxwell and Cole \[[@CR49]\], cross-sectional approaches to mediation typically generate biased estimates in the absence of true time precedence data \[[@CR84]\]. In our case, several biological experiments, including Mendelian randomization studies, strongly implicate the precedence of obesity over chronic inflammation reflected in rising CRP levels \[[@CR23]\]. Also as discussed earlier \[[@CR25]--[@CR29]\], other studies have shown obesity-associated inflammation to be causally linked to various biologic endpoints. Finally, the ability of disease-associated inflammation to alter HQOL has also been recently demonstrated for depression and schizophrenia \[[@CR41], [@CR42]\]. Given these observations, we think there are reasonable biological grounds for exploring a possible mediation-framework in our study. We would, however, caution about the exploratory nature of the current analysis and emphasize it as only hypothesis-generating at present.

Conclusion {#Sec15}
==========

In conclusion, a population-based analysis investigating the roles of obesity and systemic inflammation on indices of health-related quality of life suggests inflammation as a possible mediator of the negative associations between body mass index and the number of reported physical healthy days. Sub-clinical inflammation also appears to be an independent predictor of physical and mental healthy days in the general population. In light of these observations, the relationship of systemic inflammation to quality of life need to be further investigated, and a distinction made between clinically-raised high CRP levels and lower (but possibly chronic) elevations in CRP that can still significantly affect health related quality of life.
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===============
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Additional file 1:Exploring the associations between systemic inflammation, obesity and healthy days: a health related quality of life (HRQOL) analysis of NHANES 2005--2008. (DOCX 158 kb)

BMI

:   Body Mass Index

CRP

:   C-reactive protein

HRQOL

:   Health Related Quality of Life

HSQ470

:   Health Status Questionnaire 470

HSQ480

:   Health Status Questionnaire480

NHANES

:   National Health and Nutrition Examination Survey
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